Series of experiments were carried out both in witro and in vivo on single conidial isolates of Venturia inaequalis and V . pirina. Relationships between colony type and sporulation in vitro were apparent in both species. In addition, isolates of V . inaequalis showed relationships between degree of resistance of host source, width of host range and stability of cultural characters and pathogenicity during storage in culture. Isolates of V . pirina showed no such relationships, cultural characters being invariably stable while pathogenicity rapidly declined in the storage conditions. Studies of nutritional requirements suggested no deficiencies in the synthetic abilities of either pathogen, but limiting nutritional factors were important. Isolates of both species which differed widely in pathogenicity and other characteristics, reacted similarly to various culture media.
extract was chosen, as maximum differentiation occurred most rapidly on this medium.
Comparative sporulation of the isolates was determined turbidimetrically after growth on filter-paper cylinders standing in nutrient solutions (Kirkham, 1956) . In all tests each treatment was applied in duplicate and the turbidity estimate expressed as the geometric mean of a pair of observations. Geometric means were used so that variability of the means could be expressed in terms of a significant ratio, since it was found that the standard deviation of an observation was proportional to its mean value. Two means differed significantly ( 5 % level of significance) when their ratio exceeded 1-38. Growth on the paper cylinders was recorded at the cultural endpoints, using the following categories : 0 =none or traces; 1 =thin or inhibited; 2 =normal but suboptimal; 3 =optimal.
The pathogenicity and host ranges of isolates were determined with apple and pear trees, potted in John Innes Compost No. 1, in their second year of growth. Groups of trees were pruned to provide a succession of growing extension shoots during the season. Each scion was initially cut back to 3 ft. above the graft union, and a maximum of four buds in the apical zone allowed to produce shoots. The potted trees were plunged in the open and moved batchwise into the greenhouse a month before they were required for inoculation, to avoid the risk of natural infection by Venturia spp.
Shoots between 7 and 12 in. in length were used. The first fully expanded leaf below the shoot tip was labelled on the petiole and designated Lo, to indicate the stage of development at the time of inoculation. Each shoot was enclosed in a polythene sleeve moist chamber 2.5 in. diameter and 0.0015 in. thick (Stanton, 1951) . Areas of unrolled paper cylinders, bearing sporulating mycelium, were placed on glass slides and used as sources of inoculum, to avoid preparation of spore suspensions and possible damage to the conidia. Inoculat,ion was achieved by spraying distilled water from a glass atomizer across the surface of the culture into the moist chamber, which was subsequently closed for 24 hr. The sleeve was then opened for 2 hr. to allow a gradual adjustment to less humid conditions and finally removed altogether. The degree of infection resulting from each combination of fungal clone and scion variety was recorded 30 and 50 days after inoculation. Symptoms of infection were divided into two main types:
( a ) Fleck reaction, which was defined as a chlorotic spot with or without a necrotic centre and bearing no conidia.
( b ) Lesion reaction, in which few or many conidia were produced. During the summer months, adequate shading of the greenhouse was necessary to avoid sun scald, Cox's Orange Pippin being particularly susceptible. The trees were sprayed with water two or three times daily, depending on weather conditions, to control mildew (Podosphaera Zeucotricha). Infected leaves were removed when possible or the lesions were covered with traces of Vaseline.
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RESULTS
Sporulation and polymorphism in arti$cial culture
Fifty-one isolates of Venturia inaequalis were obtained from a wide range of host varieties in order to make a collection which, though small, would be as heterogeneous as possible and provide useful material for comparative studies of cultural characters and pathogenicity. The isolates could not be regarded as physiologically specialized strains and are therefore described as culturally distinct clones. As was expected from the strongly polymorphic nature of the fungus (Palmiter, 1934; Rudloff & Schmidt, 1934; Schmidt, 1935 Schmidt, ,1936a no two primary lesions yielded the same colony form, but replicate isolations from the same lesion produced colonies identical in appearance with only one exception. An attempt was made to simplify the description of, and to classify, the many morphological differences between the clones. Colonies were initially divided into three groups depending on the characters listed in Table 1 . Predominance of subaerial or aerial mycelium on a standard agar depth was found to be variable within groups 1 and 2, so a further separation was made within each of these two groups. Thus five colony types were distinguished ( 1 S, 1A, 2S, 2A and 3A) as shown in Table 1 . The few mutant forms which appeared during the course of the cultural studies were, with one exception, invariably of the 3 A type and usually sterile. The sporulation of each isolate on 10% (w/v) malt-extract solution was graded according to the magnitude of the turbidity estimate: grade 1 = > 0.2, grade 2 = 0.2-0.05 and grade 3 = <0.05. The results suggest that there is a relationship between colony type and sporulation grade as summarized in Table 2 degree below grade 1 and no group 3 clones above grade 2. Group 2 was fairly easily divisible into 2s and 2A typcs, high sporulation often being associated with a predominance of subaerial mycelium. Growth on the paper cylinders was similar to that on agar; group 1 clones produced a thin mycelial cover and very many conidia, and group 3 clones a very thick mycelial cover and few conidia. Conidia appeared to be evenly distributed through each culture, in contrast to Venturia pirina (see below). The relationship between profuse vegetative growth and low sporulation seems to be due, at least partly, to rapid detachment and germination of the conidia, resulting in a thickening of mycelial cover. Nevertheless, large clusters of conidia were never seen in paper cylinder cultures of group 3 clones. A similar relationship between sporulation grade and colony type was observed during an examination of thirty-seven clones of Venturia pirina which were isolated from various varieties. The colonies were classified into the five types described under V . inaequalis. As noted by Herbst (1936) relatively few conidia were produced in culture and the sporulation grades were therefore adjusted as follows : grade 1 = > 0.02, grade 2 = 0.02-Om005 and grade 3 = < 0.005.
Maximal sporulation was again associated with a predominance of subaerial mycelium. The majority of clones belonged to group 2, but unlike Venturia inaequalis, a large number of 2s types sporulated a t the grade 2 level. High sporulation in the 2s type was associated with minimal thickness of aerial mycelium and shades of dark brown or black in colony colour. 
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Using malt-extract various attempts were made to increase the sporulation of a grade 1 clone of Venturiapirina on paper cylinders. The volume of medium was varied between 1 and 4 ml. and the extract was used at 2 , 5 and 10 yo (w/v).
Some of the paper cylinders were rotated at intervals during incubation to expose the complete surfaces for development of aerial mycelium. Significant increases in sporulation were not observed. In contrast to V. inaequalis, conidia are formed only on the aerial mycelium and thus the amount of mycelium available for spore production in any given culture is far less in V. pirina. Growth on the paper cylinders was again similar to that on agar, thin dark layers of aerial mycelium being associated with maximal sporulation and vice versa. Gentle shaking with water was efficient for removal of conidia only from the cultures; more vigorous treatment resulted in a mixture of conidia and fragments of the strongly segmented subaerial mycelium.
Measurement of sporulation as a main cultural response is obviously less satisfactory for Venturia pirina. However, in order to obtain results comparable with those from studies of V. inaequalis and to investigate the possibility of stimulation of sporulation, this method was adopted. Apart from categorized growth estimates, no attempt was made to explore other methods of measuring reactions to in vitro conditions.
Nutritional requirements in arti$cial culture
Three culture media (Table 4) were used as standards and compared with modifications which are specified below. All media except malt-extract were adjusted to pH 5-6 by the use of dip-type electrodes, and therefore contained traces of potassium chloride. Small amounts of malt-extract were added with extract was a crystalline preparation and as the pH value of the solution was 5.6 no adjustment was necessary. The paper cylinder cultures were incubated until they were judged to be mature, i.e. to the stage just before the beginning of spore germination which resulted in thickening of mycelial cover and the adoption of a dry and woolly appearance. As a result of rapid growth of aerial mycelium on 10% maltextract, the end-points of cultures on this medium were sometimes misjudged in the early tests (1-5) and so artificially low sporulation figures were recorded, the cultures being either too young or past the mature stage. The accompanying graphs (Figs. 1, 2 on the three standard media and of V. pirina, clone D2, on medium NC, and demonstrate the importance of taking times of maximum sporulation as cultural end-points. Table 5 shows results obtained with Venturia inaequulis, clones E 1 and C 1 isolated from the varieties Edward VII and Cox's Orange Pippin respectively, and V . pirina clones D2 and Cf5 isolated from Durondeau and Conference respectively. Apart from the responses to urea as a nitrogen source, marked similarities were observed between the two species, and between clones of the same species which differed in other characteristics (see below). A very wide tolerance of nutritional conditions was suggested. Glucose with inorganic salts and a trace of malt-extract supported growth and sporulation, and thiamine, trace elements and casein digest appeared to be limiting factors in nutrition as found by Leben & Keitt (1948) in their studies of V . inaequalis.
Maximum sporulation of V. inaequalis occurred on 10 yo malt-extract, and the sporulation of this species on the defined media was best in the presence of an organic nitrogen source. These results confirm those of Rudloff (1934a) 24-2 D. S. Kirkham and Miller (1949) . V . pirina differed from V. inaequalis in that maximum sporulation was not always associated with optimum growth. Rudloff (1934a) found that growth and sporulation of V . inaequalis varied independently, but the present observation that cultures of this species showing optimum growth yielded most conidia, does not imply that the number of conidia per unit volume of mycelium was the same in all cultures. The effects of variation of the C:N ratio and of the concentrations of the carbon and nitrogen sources in medium NC, on the growth and sporulation of Venturia inaequalis, clones E 1 and A7 (isolated from Worcester Pearmain) and V. pirina, clone D2, are shown in Table 6 . Decrease of the casein digest concentration to one-third of the normal level is indicated as '6 NC' and increase in glucose concentration as ' N 3C', etc.
As expected a high degree of tolerance to variation in concentrations was observed. Decrease of sugar concentration decreased the growth and sporulation of all three clones, and decrease of nitrogen decreased sporulation. Increase of carbon and nitrogen above the normal values had little effect on E 1 Studies o n Venturia inaequalis and V. pirina 367 and decreased sporulation of A7, while clone D2 showed a distinct preference for the C:N ratio of medium NC. Similarly, tolerance of trace elements up to twenty times the normal concentration was recorded, though this resulted in some diminution in sporulation of clones E l , ,47 and V. pirina, clone P17 isolated from Williams pear. Pathogenicity and host range The host range of a clone is defined as the degrees of pathogenicity observed on a series of host varieties graded according to disease resistance under field conditions. Miller's Seedling and Conference were included as resistant apple and pear varieties respectively, and Cox and Williams as less resistant, other varieties being initially classed as intermediates. Four replicate trials were planned, using six clones each of Venturia inaequalis and V. pirina, and were carried out as far as limitations of space and material permitted. I n addition to the clones mentioned above, V. inaequalis clone A20, isolated from Laxton's Superb, A6 from Worcester Pearmain and A26 from Cox's Orange Pippin were tested, and also V . pirina, P 6 from Laxton's Superb, P l 6 from Williams' Bon Chr6tien and Cf3 and 81' from Conference. Owing to the use of surplus nursery material it was not possible to obtain all the apple varieties on Malling 11. Some varieties were included on more than one rootstock to demonstrate any possible effects on resistance. I n each experiment symptoms of infection were recorded 30 and 50 days after inoculation, using the following disease categories : 0 = no reaction; 1 =fleck; 2 = lesion; 3 = high incidence of disease with defoliation.
The result of the four trials in terms of the maximum category number observed in each combination of clone and variety are summarized in Table 7 . Clone E l , originally isolated from Edward VII which is a comparatively resistant variety, had the widest host range on the graded series of apple varieties, while clones C 1 and A26 produced lesions only on Cox and Newton. No symptoms of infection were observed on the highly resistant variety
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Miller's Seedling and no distinct rootstock effects were recorded. I n contrast to the reactions of clone E 1 on the apple varieties, clones Cf3 and 81' from Conference pear, which was classified as a resistant variety in 1951, were least pathogenic on the pear varieties. All the clones of Venturia pirina were pathogenic on Conference, though disease incidence was generally light and symptoms were not visible by the thirty-day record. There was some indication that Williams pear was more susceptible on Quince A than on Quince C. 
81'
Conference
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Stability in culture and the eflects of re-isolation f r o m artificial infection
Stability in culture is defined as the maintenance of unchanged sporulation grade, colony type and pathogenicity during storage at 5' on 2 % maltextract agar under paraffin oil. Six clones each of Venturia inaequalis and V. pirina were periodically re-isolated from inoculated shoots of Cox's Orange Pippin and Williams' Bon Chrbtien respectively. I n no case was any clone except the one used as inoculum recovered from a given tree, which showed that no spread of infection was occurring under the greenhouse conditions. The behaviour of the clones during storage periods of five years ( E l , Cl, D 2 and Cf3) and four years (As, A7, A20, A26, P6, P l 6 , P17 and 81') is shown in Table 8 . At the time of the first re-isolation, clones E l , C l , D 2 and Cf3 had been stored for two years while the remainder had been isolated only one year previously. The time intervals between the four re-isolations were 1-2, eleven 
D. S. Kirkham
months; 2-3, seven months; 3-4, fourteen months. All the clones were isolated as single conidia from the stock cultures a t the second re-isolation, owing to a failure of trees in the greenhouse. Consequently eighteen months elapsed between re-isolations 1 and 3 from artificial infection. Venturia inaequalis showed a tendency to increased development of aerial mycelium associated with reduced sporulation and loss of pathogenicity on Cox. Clones E l and A20, which had the widest host ranges, were the most stable, and C 1 and A26 the least stable. All except the least stable cloncs regained their wild-type characteristics after re-isolation from Cox, and it is thought that the unstable types, C1 and A26, might have been retained in culture with frequent re-isolation. In contrast, no evidence was obtained of changes in cultural characters of V . pirina, but pathogenicity declined rapidly under the storage conditions. At the third re-isolation only a few scattered lesions were observed, and fourteen months later no sporulating lesions were produced and recovery of the clones was not possible. At the time of the host range trials ( Table 7 ) the clones of V . pirina had been stored in culture for either one (P6, P l 6 , P 17 and 81') or two years (D2 and Cf3) and the results of these would therefore seem to indicate rather the maintenance of pathogenicity during the storage period than the actual host ranges of the wild-types.
DISCUSSION
The clones of Venturia inaequalis showed relationships between degree of resistance of host source, host range, and stability in culture. There was some indication that deviation from the wild type, observed as change in colony type or sporulation grade, indicated decreased pathogenicity on Cox, and the most stable clones had the widest host ranges on the varieties tested. No such relationships were observed in the study of V . pirina; in all cases cultural characters remained unchanged during prolonged storage, but pathogenicity declined. Nevertheless, variations in the maintenance of pathogenic capabilities on Williams were observed; thus V . pirina clone D 2 was midly pathogenic eighteen months after re-isolation, while another clone (not referred to in the text), isolated from Williams was non-pathogenic eleven months after isolation. There was also some indication of specialization of the Conference clones on Conference, as found by Stanton (1953 b) . Thus, in this instance, clones isolated from a variety which was regarded as resistant in 1951, had the narrowest host range.
Previous workers have not found these differences between Venturia inaequulis and V . pirina, though few have carried out parallel experiments on the two species. Herbst (1936) , Langford & Keitt (1942) and Stanton (1953a, b) found their isolates of V . pirina to be culturally stable, apart from the occasional production of sectors. The English and American workers also found no relationship between host source and host range in V. pirina. Similarly, Kuthe (1935) , Rudloff (1934a) , and Keitt & Langford (1941) stated that their isolates of V . inaequalis showed unchanged colony characters and pathogenic capabilities after prolonged storage on natural media, though they did not use the paraffin oil method. Palmiter (1934) and Schmidt (19363) also found no relationship between host source and host range in this species.
A larger number of clones would have to be examined before the relationships outlined above could be definitely established, and before differences between the species, in respect of these relationships, could be fully evaluated. There appear to be several factors of importance in this apparent discrepancy with the results of previous workers. The six clones of each species, which were selected for detailed study, had been collected from series of commercially important varieties varying as widely as possible in their degree of resistance to scab.' This variation occurs to a considerably greater extent among apple varieties than among pear varieties commonly grown in England. Therefore, the wider divergence in the clonal characteristics of Verbturia inaequalz's is, perhaps, not unexpected. Clone E l , from the resistant variety Edward VII, was obtained only after prolonged search, while isolates were easily obtained from Conference, which was classified as a resistant variety when the isolations were made. It must however, be remembered that clone E l has a wide host range and therefore might have been isolated from Cox, in which case the relationships described above would not have been apparent. Furthermore, as varietal resistance varies with locality, it could not be stated that, for example, isolates from Edward VII would invariably show characteristics similar to clone E l . It is suggested that the percentage of El-type isolates obtained from an apple variety which is highly resistant in a given locality, may be greater than the percentage obtained from less resistant varieties in the same locality.
In both species of Venturia a relationship was established between colony type, which is genetically determined in the ascus, and sporulation on an optimum medium. The results confirm those of Rudloff (19343) and Herbst (1936) and also show that maximum sporulation appears to be associated with minimal development of aerial mycelium. There were no relationships within the species either between cultural characters and stability in culture or, in accordance with the results of the German and American workers, between cultural characters and host range or host variety. Thus, the choice of grade l clones, which are best suited to studies of sporulation, has not prejudiced the inclusion of widely differing types among those selected for detailed study. It is suggested that, in the choice of clones of V. inaequalis as routine sources for large numbers of conidia over long periods, due account should be taken of the characters and relationships outlined above. Yearly re-isolation from artificial infection may be necessary to maintain the wild clonal type, as monoconidial transfer from the stock cultures in no case induced a return to normal. Clone E l of V. inaequalis has been successfully used in these laboratories for spore germination tests of protective fungicides during the period 1949-56 and is unchanged in all observed characteristics. The use of V. pirina as a routine source of conidia presents a more difficult problem because of the low degrees of sporulation observed in culture. Choice of clone must be based on sporulation grade and frequent re-isolation seems to be necessary for the maintenance of the wild pathogenic type.
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a p a r t from response to urea, no major differences in nutritional requirement were observed either between the species or between clones that differed widely in other characteristics, Even though differences have been found by Rudloff (1934a) , Leben & Keitt (1948) , Pelletier & Keitt (1954) and Fothergill & Ashcroft (1955) no attempt has been made t o assess the importance of variation in the metabolism of varieties, characterized by different degrees of resistance, in the host relations of the pathogens.
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